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ABSTRACT 
The heterogeneous quality of wood poses a challenge for 
process and product development. The wood material should be 
examined and sorted as early as possible during the production 
chain and the quality control should be implemented 
throughout the manufacturing process. Many factors, e.g. 
moisture content (MC), density and extractive content affect the 
wood drying and processing, and the presence of certain 
extractives like pinosylvins, also affect the biological durability 
of wood. In addition, processing defects need to be detected and 
quantified for the adjustment of the process parameters and for 
the sorting of the products. Ideally, wood properties should be 
determined non-destructively. This thesis aims to provide 
knowledge on the non-destructive evaluation of the above-
mentioned complicated wood characteristics.  
The assessment of wood quality in different stages of wood 
product life cycle was studied with two non-destructive 
methods; electrical impedance spectroscopy (EIS) and 
ultrasound. Green and dried Scots pine specimens were studied 
with EIS applied at a wide frequency range from 1 Hz to 1 GHz, 
with the emphasis on the heartwood characterization. In 
addition, mould development on Scots pine heartwood was 
monitored with EIS. Ultrasound methods including the 
conventional contact measurement and the more modern 
technique, air-coupled ultrasound (ACU), were studied for the 
evaluation of checks in veneers and planks. Multiple parameters 
relating to the signal transit time, amplitude and shape in time 
and frequency domains were determined and used in the 
statistical analyses.  
The EIS measurements correlated significantly with resin 
acid content of heartwood both for green and moisture 
conditioned wood. The results indicated that the EIS 
measurement should be conducted in the tangential rather than 
in the longitudinal direction in order to detect extractives. In 
addition, extractives were associated with phase-related 
parameters, whereas density was associated with the impedance 
 modulus or the dielectric constant, especially in the longitudinal 
direction. Phase and modulus correlated significantly with MC. 
The EIS measurements conducted during mould exposure 
indicated that the method could be used for the detection of 
incipient mould. The ultrasound studies showed that contact 
ultrasound can be applied for assessment of lathe check depth in 
birch veneer and the density can be estimated from the same 
measurements. For the ACU measurement of thermally 
modified timber, the Naïve Bayes classification algorithm was 
applied to differentiate severely checked timber from slightly 
checked and unchecked timber; the correct classification rate 
was 97 %. 
The results of this thesis provide a basis for further 
development of the measurement methods for wood quality 
assessment including the evaluation of extractive content or 
checking in wood and the detection of mould on wooden 
surfaces. The present fundamental studies established a 
foundation for practical applications to be conducted in the 
future. The further development of the methods could lead to 
practical non-destructive measurement techniques: for the 
detection of extractives in living trees, detection of incipient 
mould in buildings, detection of checks in thermally modified 
timber and process control methods for veneer peeling, wood 
drying and thermal modification.  
 
Universal Decimal Classification: 534-8, 534.321.9, 537.311.6, 
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1 Introduction  
Wood is an abundant natural material which possesses excellent 
characteristics for many applications. Its strength in relation to 
its light weight is desirable in construction and many other uses. 
Processing of wood is comparatively straightforward and does 
not require high energy. Wood is also an ecological material; 
forests act as carbon sinks, and carbon dioxide is stored in wood 
products until it is released in burning or in a degrading 
process.  
There is great variation in wood characteristics among- and 
within-trees. Thus, non-destructive testing (NDT) and 
evaluation (NDE) methods are necessary to achieve an efficient 
use of wood. Research of NDT for wood has been motivated 
primarily by the desire to make more accurate decisions about 
the most appropriate use of wood based on quantified 
characterisation results. Moreover, two recent features of wood 
use have increased the variation of materials even further 
(Brashaw et al. 2009). Firstly, the interest towards forest and 
ecosystem health has increased and thus woody biomass grown 
under various conditions is now being utilised. Secondly, the 
marketplace for wood raw materials and products is now 
global. There is a desire to minimise any damage incurred 
during processing the wood by making the right selection of 
raw materials and processing methods. The information about 
the material properties of the wood can be important at several 
stages in its processing including timber harvesting, drying and 
end uses. 
The functional properties of wood can be enhanced at 
various phases of forestry and wood processing; by genetics, 
plant breeding and silvicultural measures before tree felling and 
by the selection and classification of the wood material after 
felling. Furthermore, manufacturing processes can be adjusted. 
Depending on the ultimate goal, the desired outcome can be 
Laura Tomppo: Novel applications of electrical impedance and 
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absolute values of the properties, or trends during processing, 
or categories. The cost-efficiency is an important aspect limiting 
the use and development of NDT methods for industrial 
applications. 
This thesis focuses on the development of two measurement 
methods, ultrasound and EIS, which were examined as potential 
solution providers for the following problems: 
1. For certain uses naturally durable wood could replace 
wood impregnated with chemicals, which would be 
beneficial from both the economical and ecological 
standpoints. Scots pine heartwood contains extractives 
that make the wood biologically durable, but the variation 
in their concentrations among- and within-tree is large. 
There is a need to develop a rapid screening method for 
durable and non-durable heartwood material, for which 
EIS could be a solution. The method would be most 
profitable if it could be applied for green wood 
immediately after felling, which in arctic regions means 
that the wood can also be frozen. Apart from its use in 
classifying naturally durable and non-durable wood, 
information on the extractive content could be utilised 
when planning drying schedules for timber, since wood 
which is rich with resin acid dries slowly. (Studies I and II) 
2. Mould growth in structures causes air quality problems 
indoors. At present when a material is tested for mould 
growth, the growth of on-sprayed microbes is monitored 
with a microscope. Thus, the mould index after exposure 
is a subjective estimate and its determination requires 
educated personnel. However, if a routine analysis could 
be carried out by a NDT method, the reproducibility of the 
results among laboratories could increase and the process 
would be more effective. If the sensitivity of the method 
were adequate even in unconditioned surroundings, it 
could be also used for the detection of incipient mould in 
buildings. (Study III)  
3. Lathe checks, among other properties of veneer, have an 
influence on failure characteristics of plywood 
Introduction 
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(DeVallance 2003, DeVallance et al. 2007). The lathe checks 
emerge during the rotary peeling of veneer and the 
severity of checks may be reduced by choosing optimal 
lathe settings or by using a sharper lathe. (Study IV)  
4. The quality of thermally modified timber (TMT) is 
controlled by cutting timber and visually analysing the 
internal cracks from the cross-sections. This method is 
time consuming, material is wasted and the test can only 
be made on a small portion of the produced goods. A non-
destructive measurement technique suitable for on-line 
use would be a remedy for all the mentioned drawbacks. 
ACU represents a potential technique since it can be used 
for the detection of defects, and could be applied in 
industry. (Study V) 
 
Both electrical impedance spectroscopy (EIS) and ultrasound 
are non-destructive measurement techniques able to penetrate 
into a material, and thus can be deemed suitable for the 
measurements of internal properties. The measurement of the 
dielectric properties of a material is a fast, non-destructive and 
relatively low-cost method to gather information about the piece 
being processed. The dielectric properties can be measured at 
several frequencies to gather a wide range of information on the 
material. Ultrasound too is a relatively low-cost method, and its 
potential applications have recently increased with advances in 
the development of air-coupled ultrasound transducers. EIS and 
ultrasound are sensitive for detecting different characteristics of 
the material and thus are suitable for different types of 
measurements. In addition, they are complementary methods 
which can be used in the same NDT installation setup.  
Other methods applicable for the assessment of extractive 
content include low-field 1H-NMR (Eberhardt and Elder 2007), 
Fourier transform infrared (FTIR) spectroscopy (Ajuong and 
Breese 1998, Ajuong and Redington 2004, Meder et al. 1999, 
Nuopponen et al. 2003), ultraviolet resonance Raman 
spectroscopy (UVRRS) (Nuopponen et al. 2004) and NIR-FT 
Raman spectroscopy (Holmgren 1999). NIR spectroscopy has 
Laura Tomppo: Novel applications of electrical impedance and 
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been successfully applied in the determination of the decay 
resistance of Scots pine heartwood at the laboratory scale (Flaete 
and Haartveit 2004, Leinonen et al. 2008), and to detect 
pinosylvins and resin acid content (Leinonen et al. 2008), or 
extractives in general (Kelley et al. 2004, Poke and Raymond 
2006) . Non-destructive methods for the detection or analyses of 
bacterial growth include both NIR and FTIR methods (Jilkine et 
al. 2008, Rodriguez-Saona et al. 2001), and electrical methods 
(Albrecht et al. 2011, Felice and Valentinuzzi 1999, Hause et al. 
1981). NIR and IR methods are suitable for continuous non-
contact measurements. On the other hand, their penetration into 
the material is poor and they are sensitive to MC and roughness 
of the surface.  
Rather few methods in addition to acoustic methods are 
suitable for the detection of internal cracks. For example, 
computed tomography (e.g. Bhandarkar et al. 2005) and 
microwave imaging technique (Pastorino et al. 2007) have been 
evaluated. However, these kinds of imaging techniques tend to 
be expensive and time-consuming. Moreover, the X-rays or 
microwave response are related to the density of the sample, 
whereas acoustic methods are related to the structural and 
mechanical properties of the sample, which represents an 
advantage in most applications.  
This thesis mainly aims to contribute to the understanding of 
the non-destructive evaluation of wood, which is approached 
from the viewpoint of prospective applications. The studied 
applications include measurement of 1) extractives in wood, 2) 
mould development on wood and 3) checking in processed 
wood. Two measurement techniques, ACU and EIS, were 
identified as potential measurement methods for the studied 
applications. EIS was applied for the measurement of green and 
dried Scots pine over a wide frequency range from 1 Hz to 1 
GHz. Measurements were made at different moisture levels and 
the results were analysed in relation to the MC, density and 
extractives. In addition, EIS measurements were conducted 
during mould development on Scots pine. Equivalent circuit 
models were fitted to evaluate the relation between EIS and 
Introduction 
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mould. Furthermore, the ultrasound technique was applied to 
measure veneers and the relations between ultrasound signals, 
MC, density and lathe checks were studied. Moreover, TMT was 
measured with ACU and the signals were compared with the 
severity of checking, MC, density and structural characteristics 
of the TMT. With the ultrasound, several signal characteristics 
describing the transit time, energy and shape of the signal were 
determined.  
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2 Characteristics of wood 
Wood is a biological material which exhibits extensive 
variations in its properties. The physical structure of wood is 
very hierarchical. At the tree level, different parts of the trunk; 
sapwood, heartwood, and pith, butt and top, branches etc. 
possess dissimilar properties. In a cross-section, one can observe 
various properties at the macroscopic level, for example annual 
rings with alternating earlywood and latewood. In the 
microscope, different parts of wood cells can be detected. 
Because of its structure, wood is an orthotropic material with 
different characteristics in the longitudinal, radial and tangential 
directions. 
2.1 PHYSICAL STRUCTURE  
Wood cells are arranged as tubes in the longitudinal direction of 
wood. Softwoods consist mainly of tracheids, which are 
elongated cells providing both water transport and mechanical 
support. Different types of cells carry out these functions in 
hardwoods; vessels are used for long distance water transport 
whereas elongated fibres provide support. 
The cell wall of a tracheid is composed of several layers; 
amorphous middle lamella, a primary wall and secondary wall 
(Figure 1). The cell wall of a fibre is equivalently composed of 
layers, although in some hardwood species an extra wall can 
also form. Furthermore, the secondary cell wall consists of three 
distinct layers; S1, S2 and S3. S2 is the thickest of the layers and 
therefore it is dominant in many respects. In the S2 layer the 
cellulose microfibrils are oriented spirally. The microfibril angle 
(MFA), which is the angle between longitudinal line and spiral 
has a great impact on wood properties, especially on strength. 
Laura Tomppo: Novel applications of electrical impedance and 
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Figure 1. Structure of the wood cell wall illustrating the middle lamella and primary 
and secondary walls. The lines in S1 – S3 are oriented as microfibrils on average in 
those layers. 
 
 
MFA varies in different parts of wood, and for example in the 
reaction wood which is known to be brittle the MFA is 
considerably larger than in normal wood. 
Different wood parts possess different functions, and 
therefore their composition and structure varies. For example, 
sapwood functions as a storage for nutrition and transports 
water and sap. Heartwood is formed from sapwood in the 
transition zone during the maturation of a tree. In the transition, 
the extractive content of the cells increases due to the 
metabolism associated with cellular death. Juvenile wood is 
located around the pith, and rapid and progressive changes in 
the characteristics of the wood occur in this part of the tree. 
2.2 CHEMICAL COMPOSITION 
The chemical components of wood can be classified into two 
parts: structural components, including cellulose, hemicellulose 
and lignin, and extractive components. Cellulose is a 
S3
S2
S1
Primary wall
Middle lamella
Secondary
 wall
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polysaccharide with an elongated structure, approximately 5 
μm long. About 70 % of cellulose in wood is organised as 
crystalline cellulose, and 30 % is present in the less organised 
amorphous cellulose form. Hemicelluloses are polysaccharides 
of various types, with xylan and glucomannans being the most 
important. In the softwoods, galactoglucomannans are the 
predominant hemicelluloses whereas in hardwoods they are 
xylans. Lignins are very heterogeneous aromatic polymers. In 
softwood, lignin is mainly guaiacyl lignin, whereas in 
hardwoods, it is guaiacyl-syringyl lignin. 
There are many so-called extractives e.g. terpenoids and 
phenolic compounds. Phenolic compounds in general protect 
wood from microbiological damage. Extractives can reduce the 
wood permeability and increase stability under varying 
moisture conditions.  
The chemical composition of wood can be modified in 
various ways to make it more suitable for its desired use. One 
such method is thermal modification; with increasing 
temperature, water is first released at rather low temperatures, 
then at temperatures between 180 – 250 °C, many chemical 
transformations take place. In the ThermoWood process for 
example, the temperature is elevated to 185 – 212 °C, depending 
on the desired outcome (ThermoWood Handbook 2003). During 
thermal modification, the degree of polymerisation in celluloses 
decreases. Hemicelluloses degrade more rapidly and at lower 
temperatures than celluloses and lignin. During heat treatment, 
the dimensional stability of wood increases as the water-
absorbing hemicelluloses degrade and the wood becomes more 
resistant to decay. Lignin is the most stable component of wood 
during heating since it only degrades at temperatures above 
200 °C, when certain ether bonds start to break. Most of the 
extractives evaporate during heat treatment. 
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2.3 WATER IN WOOD  
On a macroscopic scale, oven-dry wood consists of two 
components: wood material and air. Water will only be 
absorbed onto amorphous cellulose and hemicelluloses. With 
increasing MC, the water will first be absorbed into the cell wall 
matrix as bound water. Bound water in wood can be 
monomolecular, poly-molecular or capillary-condensed. The 
monomolecular layers (up to 5 % MC) interact most intensely 
with the cell wall, and the interaction diminishes in the 
polymolecular layers (from 5 % to 18 – 23 % MC) as the number 
of layers increases. With further increasing MC, moisture is 
capillary-condensed (from 18 – 23 % to the fibre saturation point) 
and eventually the wood fibres become saturated and the 
moisture starts to remain free in cell cavities and intercellular 
spaces. (Torgovnikov 1993)  
The bound water has major effects on the wood matrix. The 
mass and volume of the cell wall increase with the amount of 
absorbed water, and for example, strength changes strongly as a 
function of MC. After the maximum amount of bound water is 
achieved, the wood properties remain mostly unchanged with 
increasing MC. The specific MC, at which free water starts to 
form, is called the fibre saturation point (FSP). FSP is not usually 
defined with any mathematical exactness (Babiak and Kúdela 
1995), since it depends on the measurement technique, species, 
temperature, hysteresis etc. Nevertheless, FSP is a practical 
concept for describing wood-water relations, especially changes 
in wood behaviour.  
The capillary condensed water is sometimes distinguished as 
a third water phase in addition to bound and free water. This 
seems reasonable for certain phenomena which require moisture 
and exhibit a threshold or discontinuity in behaviour around 15 
– 20 % MC, for example electrical conduction (Lin 1965, Zelinka 
et al. 2008), mould growth (Viitanen 1996) and ultrasound 
attenuation (Sakai et al. 1990). In NMR-studies, the water in 
wood has also been classified into three categories according to 
relaxation times; bound, free and an intermediate form (e.g. Cox 
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et al. 2010). This intermediate type of water has been associated 
with non-freezing bound moisture, and it has been hypothesised 
to be either loosely bound water or water in capillary pores. 
Despite a recent attempt to clarify the subject, nature of this has 
still not been clarified (Zelinka et al. 2012). 
At temperatures below 0 °C, the free water and part of the 
bound water will freeze and thus wood will possess both non-
freezing bound moisture and ice. Even at -50 °C there may be  
12 % of non-freezing moisture present in wood with a MC above 
FSP. The ice formed from free water has a crystal structure. On 
the surface of the crystal, there is a thin monomolecular layer of 
water. The proportions of non-freezing bound moisture, ice and 
monomolecular water layers depend on two factors - the 
temperature and the direction of the process, i.e. is the 
temperature decreasing or increasing. (Torgovnikov 1993) 
2.4 DECAY & MOULD RESISTANCE 
Under suitable conditions, the service time of wood can be 
centuries, but under improper conditions wood will deteriorate 
quite quickly. For example, fungal decay and mould can 
damage wood if there are suitable humidity and temperature 
conditions (Viitanen 1996, Zabel and Morrell 1992). The 
chemical composition of wood modifies its susceptibility to 
fungi, for example Scots pine heartwood is known to be more 
durable against biodeterioration than sapwood. However, there 
is extensive variation in the decay-resistance between trees 
(Harju et al. 2001, Venäläinen et al. 2003). 
Low molecular weight carbohydrates serve as the 
nourishment of mould fungi (Theander et al. 1993) and their 
deficiency in heartwood makes it less susceptible to mould than 
sapwood. On the other hand, sapwood lacks the toxic 
extractives, which are present in heartwood making it less 
susceptible to decay (Scheffer and Cowling 1966). In particular 
phenolic compounds (Harju et al. 2003, Venäläinen et al. 2003, 
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Venäläinen et al. 2004) and resin acids (Harju et al. 2002) are 
important in the decay-resistance of Scots pine heartwood. 
2.5 SPLITS AND CRACKS IN WOOD 
Material failure begins with cracks originating from material 
defects, discontinuities or external factors. Thus cracks are the 
most important defects affecting wood strength (Schniewind 
and Lyon 1973). A crack can propagate in an opening, forward 
shearing or transverse shearing mode, referred to as modes I-III, 
respectively. In addition, propagation in mixed combination of 
the modes I – III may occur. The first fundamental study into 
fracture mechanics was carried out by Griffith (1921), who 
related the flaw size to the fracture stresses in brittle materials. 
Wood under dry conditions and under a short load duration 
exhibits linear elastic behaviour and thus linear elastic fracture 
mechanics (LEFM) have been applied in wood studies. The 
stress level is assumed to increase towards infinity at the crack 
tip, and a plastic zone exists at the crack tip. The crack 
propagation depends on the stress intensity factor K, which is a 
function of stress and geometry. A crack will propagate if K 
exceeds critical value KC, which is the fracture toughness 
characteristic to the material. The failure stress C can be 
determined by the KC value and the geometry: 
 
 ߪ஼ ൌ
ܭ஼
௚ܻξߨܽ
 (1) 
 
where Yg is a geometrical parameter and a is the crack length. 
The wood species and its density affect the fracture toughness 
along with the test parameters: the geometry of the specimens, 
the loading orientation and rate, relative humidity and 
temperature (Bucur 2011). The LEFM has several limitations and 
thus nonlinear fracture mechanics can also be applied for wood. 
Nonlinear fracture mechanics takes into account the viscoelastic 
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behaviour of wood, for example when the wood is under a long 
term load.  
Check can be defined as “a separation of the fibres along the 
grain, forming a crack or fissure in the timber, not extending 
through the piece from one surface to another” (Glossary Terms 
Timber 1949). In this thesis, the foregoing convention is adopted, 
although checks often also can be understood as cracks in wood 
formed during seasoning. The definition is in accordance with 
the recent literature (Bucur 2011). Furthermore, honeycombing 
refers to “the separation of the fibres in the interior of the piece, 
usually along the rays” (Bucur 2011), and in this thesis internal 
checking is the term used instead of honeycombing. 
Lamb (1992) has discussed the nature of checking in wood 
extensively. He classified the checks and splits into four 
categories according to their origin; resource, processing, 
changing moisture content and use. Resource based checks 
occur in a tree or log; they can be caused by growth stresses or 
environmental conditions. Ring shake, which is a check parallel 
to year ring, is a typical resource based check. Processing based 
checks are caused by machining or drying. For example, 
loosened grain, also parallel to the year ring, can be caused by 
rotating knives, and lathe checks can emerge during veneer 
peeling. Drying related checks include surface checks, end 
checks and splits and internal checking. Drying related checks 
extend across one or more growth rings. Changing moisture 
content based checks are caused by an environment drier or 
wetter than the MC to which the timber was dried or by a 
cycling environment. The moisture content changes can take 
place at the processing plant or during the final use of the 
product or in the time in between. Use based splits can be 
caused by mechanical damage or improper design. (Lamb 1992) 
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3 Electrical impedance 
spectroscopy 
EIS and dielectric spectroscopy can be considered as two 
different techniques with different analysis methods, frequency 
ranges etc. (Tiitta 2006). However, Barsoukov and MacDonald 
(2005) have considered impedance spectroscopy (IS, also 
immittance spectroscopy) to include the approaches of modulus 
spectroscopy and dielectric permittivity spectroscopy, and this 
terminology will be adopted in this thesis for clarity. The 
method includes the measurement and analyses of the small-
amplitude electrical field response of a material and the 
explanatory power of the method is increased by alternating the 
field at different frequencies. When the electrical impedance is 
measured, the instrumentation and the studied material 
together form an electrical circuit. The complex impedance 
spectra which are obtained can be analyzed by fitting an 
equivalent circuit model. With the modelling, the whole 
spectrum can be presented via a small number of parameters, 
which facilitates its interpretation.  
Complex impedance Z can be expressed with resistive and 
capacitive components, ࢆ ൌ ܴሺ߱ሻ െ ݆ܺሺ߱ሻǡ  where j is the 
imaginary unit,  is the angular frequency, R is the resistance 
and X is the reactance. Impedance modulus is determined as 
ȁࢆȁ ൌ ሾሺܴሻଶ ൅ ሺܺሻଶሿଵ ଶΤ  and the phase angle as ߶ ൌ ିଵሺܺ ܴΤ ሻ. 
Several other quantities can be derived from the complex 
impedance response, for example admittance ࢅሺ݆߱ሻ ൌ ࢆିଵ ൌ
ܩሺ߱ሻ ൅ ݆ܤሺ߱ሻ , where G is the conductance and B is the 
susceptance. Admittance and impedance are together called 
immittance. The complex dielectric permittivity can be 
calculated as  ሺ݆߱ሻ ൌ ࢅ ݆ܥ஼ǡΤ  where ܥ஼ ൌ ଴ܣ஼ ݀Τ  is the 
capacitance of the empty measurement cell with electrode area 
AC and distance d between the electrodes. ଴ is the permittivity 
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of free space. Furthermore, the dielectric constant Ԣ  and the 
dielectric loss ԢԢ are the real and imaginary parts of ࢿ: 
 
ࢿሺ݆߱ሻ ൌ ߝᇱ െ ݆ߝᇱᇱ ൌ ሺߝ௥ᇱ െ ߝ௥ᇱᇱሻߝ଴ (2) 
 
where ௥ᇱ  and ௥ᇱᇱ are permittivities of a material relative to free 
space. The loss tangent   ൌ ߝǯǯȀߝǯ  is also called the 
dissipation factor. Furthermore, the dielectric loss and the real 
part of complex conductivity ’ are related as follows: ߝᇱᇱ ൌ
ߪᇱ Τ . The dielectric constant describes the energy storage 
capability of the material and the dielectric loss, also known as 
the loss factor, describes the dielectric losses.  
Dielectric and electrical properties of wood vary with the 
wood moisture content, density, temperature, grain orientation 
and chemical composition (Hasted 1973, James 1975, Lin 1967, 
Skaar 1988, Torgovnikov 1993). In addition, external conditions 
like temperature and measurement related factors such as 
frequency of applied electric field affect the parameters. 
In a material, conduction can occur by electron, hole or ion 
transport. In wood material, ion transport is the most important 
mechanism; at low MC below 20 %, the number of charge 
carriers is a determining factor for the conductivity of wood, 
whereas at higher MC, it is the mobility of the charge carriers 
(Lin 1965). For example, percolation theory can be used for 
explaining conductivity of wood; the paths for the electrical 
conduction are dependent on the loosely bound or capillary 
water (Zelinka et al. 2008). 
When wood is subjected to electric field, various 
polarisations may take place. There are several polarisation 
mechanisms, and they can be classified in different ways. In 
wood material, the most relevant mechanisms are electronic, 
atomic, dipole and interfacial polarisations. Electronic 
polarisation occurs at frequencies of visible and ultraviolet light 
and atomic polarisation at infrared frequencies, and thus they 
are not discussed in this thesis. 
Dipole polarisation is caused by permanent dipoles, for 
example water, rotating in electric field. The relaxation time for 
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dipole polarisation is from microseconds to picoseconds. 
Interfacial polarisation is caused by accumulation of charges at 
interfaces. The interfaces can be the ones between different cells, 
between cell wall lamellae or between the crystalline and 
amorphous regions of cellulose. The time constants of interfacial 
polarisations can be from minutes to microseconds. (Skaar 1988) 
The polarisation also takes place at the interface between 
electrodes and the studied material, which is referred as 
electrode polarisation. The measured impedance is a sum of the 
sample itself and the polarisation impedance (Ackmann and 
Seitz 1984). In general, the electrode polarisation becomes a 
problem below 1 kHz, and for accurate measurements at low 
frequencies, attention must be paid to the phenomenon. There 
are several methods to eliminate or decrease the effects of 
electrode polarisation, for example four-terminal measurement, 
computational methods, altering of the electrode surfaces and 
measurements over several distances.  
Dry wood can be considered as a dielectric material. The 
dielectric constant ’ and dissipation factor ’’ increase with 
density, and they are higher in the longitudinal direction than in 
the tangential or radial direction. The difference for ’ and ’’ is 
not consistent between radial and tangential directions of wood. 
As the moisture content becomes increased, the number of 
charge carriers increases and the conductivity of wood increases. 
The ’ increases slowly with MC, when only monomolecular 
layers of moisture are present in wood. With increasing MC 
above 5 %, the ’ value increases exponentially.  
At sub zero temperatures and high frequencies (> 10 kHz), 
the dielectric properties of wood and ice change only slightly as 
a function of temperature. Thus, the bound non-freezing 
moisture is the main factor affecting the dielectric properties of 
frozen wood (Torgovnikov 1993). The dielectric properties of 
moist wood at negative temperatures are affected by the 
direction of the process, i.e. whether thawing or freezing is 
taking place, and this phenomenon increases the variation in 
dielectric parameters obtained in different studies.  
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The wood extractives are known to affect the conductivity of 
wood. Non-water-soluble extractives are generally poor 
conductors, and thus are responsible for electrical 
discontinuities in moist wood and decrease the conductivity of 
wood, whereas water-soluble extractives have the opposite 
effect (Skaar 1988). The ’ is not essentially affected by the 
alcohol-benzene soluble extractives (Vermaas 1974). The 
extractives affect the  ߜ  measured in the radial or in the 
tangential direction but not in the longitudinal direction 
(Vermaas 1974). The relaxation time and resistivity increase with 
an elevating concentration of phenolics and resin acids in the 
frequency range from 5 kHz to 1 MHz (Tiitta et al. 2003).  
EIS at low frequencies has been applied for determination of 
MC and moisture gradient of wood (Murase and Sobue 2011, 
Sobue and Yokotsuka 2003, Tiitta and Olkkonen 2002, Tiitta et al. 
1999), for studying frost hardening of shoots (Repo et al. 2000), 
and for measurement of root growth of trees (Repo et al. 2005). 
Different types of defects in wood can be measured with 
electrical and dielectric techniques. Many studies at microwave 
frequencies have been implemented in wood research, for 
example to detect knots (Baradit et al. 2006, Forrer and Funck 
1998, Rice et al. 1992) and voids (Rice et al. 1992), and to 
distinguish between juvenile and mature wood (Cooper et al. 
2005). For example, low-frequency resistivity has been used to 
detect decay in wood (Larsson et al. 2004, Martin 2012, Martin 
2009).  
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4 Ultrasound  
Ultrasound is a mechanical wave oscillating at a frequency 
above 20 kHz. In gas, ultrasound propagates in a longitudinal 
wave mode, but in solid materials transverse wave modes are 
also present. Furthermore, various types of complex vibration 
modes occur in a finite medium, for example surface waves and 
Lamb waves. The latter propagate in thin plates with free 
boundaries and they are formed when both longitudinal and 
shear waves are reflected at a surface, which is followed by 
reflection of waves at the opposite surface etc. These waves 
interfere, and a resonant wave is formed. The Lamb waves can 
be used for the detection of delamination and defects in 
composite material (Kažys et al. 2006). 
Ultrasound propagation in a medium is strongly affected by 
the medium structure and the interfaces between different 
media; refraction, reflection, scattering and conversion of the 
signal may take place at an interface. In solid materials, the 
density and elasticity of the material are the most important 
factors affecting ultrasound velocity. The equations for sound 
wave velocities are summarised in Table 1. 
Specular reflection takes place if the object forming the 
interface is large compared to the wavelength . If the object is 
small compared to , the scattering will occur. An acoustic 
interface is characterised by acoustic impedances ܼ௔ which are 
characteristics of the materials: ܼ௔ ൌ ݌௔ ܿ௣௔௥௧௜௖௟௘ ൌ ߩܿΤ , where 
݌௔is the instantaneous acoustic pressure on the particles and 
ܿ௣௔௥௧௜௖௟௘  is the particle velocity,  is the density of the medium 
and c is the phase velocity of the longitudinal ultrasound wave 
in the medium. In specular reflection at an interface, the ratio 
of reflected and transmitted acoustic energy is determined by 
the difference between the acoustic impedances. In an acoustic 
wave, the coefficient of reflection ra and coefficient of 
transmission ta are: 
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 ݎ௔ ൌ
ܼଶ െ ܼଵ
ܼଶ ൅ ܼଵ
 (3) 
   
 ݐ௔ ൌ
ʹܼଵ
ܼଶ ൅ ܼଵ
 (4) 
 
where 1 and 2 refer to the first and second medium. The greater 
the difference in acoustic impedances, the larger the proportion 
of the signal that is reflected from the interface.  
Beam spreading causes attenuation of the acoustic signal 
regardless of the medium. In addition, absorption and scattering 
cause attenuation, which can be calculated from ܫ ൌ ܫ଴݁ିଶఈ୼௫, 
where I0 is the initial acoustic intensity, I is the measured 
acoustic intensity at distancex from the initial point and  is 
the attenuation coefficient for the acoustic pressure.  
In air-coupled ultrasound (ACU) measurements, the acoustic 
impedance of the transducer must match the acoustic 
impedance of air, and a rather high power needs to be emitted 
by the transducer to gain measurable signals. Recently, for 
  
 
Table 1. The ultrasound wave velocities for different wave modes and media. 
Wave mode/medium Ultrasound wave velocity 
Longitudinal/ unlimited 
medium 
ܿ௅ ൌ ඨ
ܧ
ߩ
൬
ͳ െ ߤ
ሺͳ ൅ ߤሻሺͳ െ ʹߤሻ
൰ 
Longitudinal/ plate with 
thickness <<  
ܿ௅ ൌ ඨ
ܧ
ߩ
ͳ
ͳ െ ߤଶ
 
Longitudinal/ bar, two 
dimensions <<  
ܿ௅ ൌ ඨ
ܧ
ߩ
 
Transverse wave ்ܿோ ൌ ඨ
ܩ௦
ߩ
ඨ
ܧ
ߩ
ͳ
ʹሺͳ ൅ ߤሻ
 
Surface waves 
ௌܿ ؆ ்ܿோ ൬
ͲǤͺ͹ ൅ ͳǤͳʹߤ
ͳ െ ߤ
൰ 
E = modulus of elasticity in tension,  = density, µ = Poisson’s ratio,  
Gs = modulus of elasticity in shear 
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example Gas Matrix Piezoelectric (GMP) composite (Bhardwaj 
2004, Bhardwaj 2004) and capacitive ultrasound transducers 
(Gan et al. 2005, Wang et al. 2008) have been utilised to 
overcome these. 
Ultrasound propagation in wood is mainly characterised by 
the mechanical properties and density. Moisture content, annual 
ring structure and orientation affect the mechanical properties of 
wood and in that way they interfere with wave propagation in 
wood (Bucur 1995). Ultrasound velocity is at its highest and 
attenuation at its lowest in the longitudinal direction. The 
velocity of ultrasound in softwood increases from pith to bark, 
and it is affected by the MFA and tracheid length (Hasegawa et 
al. 2011). The velocity of ultrasound is highest in dry wood; as 
the MC increases, the velocity decreases strongly up to the FSP, 
after which the decline is gradual (de Oliveira et al. 2005, Sakai 
et al. 1990). Attenuation is lowest in dry wood, and 
approximately constant at low MC. If the MC is increased up to 
a level when free water starts to accumulate, then the 
attenuation begins to increase (Sakai et al. 1990).  
Defects in the wood also affect the mechanical properties and 
thus the propagation of the ultrasound signal. Several studies 
have been conducted to evaluate the defects by ultrasound 
(Kabir et al. 2002, Schmoldt et al. 1994, van Dyk and Rice 2005). 
Unsound knots, decay, bark pockets, holes and wane lead to 
variations in the ultrasound signal when it is compared to that 
in clear wood even in fresh-cut high MC state (Kabir et al. 2000). 
Internal checks and surface checks increase the ultrasound 
transmission time perpendicular to grain (Fuller et al. 1994). In 
addition, bacterially infected sections of wetwood increase the 
travel time of the stress wave (Verkasalo et al. 1993). 
Presumably the internal checking in wood causes scattering of 
the ultrasound, whereas wetwood increases the viscoelastic 
damping; both resulting in attenuated sound signals (Schafer 
1999).  
Veneer has been studied with acoustic methods under 
various conditions. Studies relating acoustic measurements of 
trees or logs and from veneer manufactured from the logs have 
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indicated that acoustic measurements could be used for veneer 
grade prediction very early in the production chain (Amishev 
and Murphy 2008, Amishev and Murphy 2008, Ross et al. 1999). 
In addition, a strong correlation has been detected between 
stress wave velocity of green and dry veneer (Brashaw et al. 
1996). Lathe checks in veneer can be evaluated by contact 
ultrasound and stress waves in contact with the measurement 
perpendicular to grain (Wang et al. 2001). Wang et al. (2001) also 
discovered that the measurements perpendicular to the grain 
were not sensitive to knots, but if they were conducted parallel 
to the grain, then the presence of the knots could be detected.  
Air-coupled ultrasound has been used for wood 
measurements since the 1990’s (Fortunko et al. 1990). For 
example, wood density, knots (Marchetti et al. 2004) and MC 
(Vun et al. 2006, Vun et al. 2008) have been studied by ACU, and 
this technique has also been reported to be suitable for detection 
of checks in timber (Gan et al. 2005). Furthermore, splits, checks 
and delaminations in wood-based paintings can be detected 
(Murray et al. 1996). ACU has also proven to be an effective 
method for density measurement of oriented strandboard (Vun 
2003) and bonding quality of glue-line in various wood products 
(Bucur 2010, Bucur and Kazemi-Najafi 2011, Sanabria et al. 2011, 
Sanabria et al. 2011). Both density and particle type in wood-
based panels affect the ACU response (Hilbers et al. 2012, 
Hilbers et al. 2012). Through-transmission ACU scanning of 
veneers and fibre boards plated with veneer revealed several 
types of defects at frequencies from 75 kHz to 750 kHz (Blomme 
et al. 2010). 
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5 Aims 
The main aim of this thesis was to create a foundation for the 
further development of electrical impedance and ultrasound 
methods for measuring the desired properties of wood material. 
The main hypotheses were (Figure 2): 
1. Extractives of Scots pine heartwood affect the EIS parameters in 
green and dried state. The hypothesis was tested in study I 
at a high frequency range from 1 MHz to 1 GHz and in 
study II at a low frequency range from 1 Hz to 10 MHz. 
There are no similar studies published relating to the EIS 
and extractive content of green wood material with 
varying MC, although the effect of extractives has been 
studied already in the 1970’s (Norimoto and Yamada 1972, 
Vermaas 1974). 
2. Mould development on wood surface affects the EIS response. 
This hypothesis was tested in study III as a part of a larger 
study relating to mould development. The study consisted 
of an analysis of the extractives and volatile organic 
compounds (VOCs) of the wood material and monitoring 
of the mould development by EIS and FTIR spectroscopy. 
These two techniques have not been evaluated jointly for 
their ability to detect mould development. 
3. Lathe checks affect the ultrasound response from birch veneer. 
This hypothesis was tested in study IV. The lathe checks 
have been earlier studied in Douglas fir veneer by acoustic 
techniques (Wang et al. 2001), but the characteristics of 
lathe checks are different in spruce and birch (Koskelo 
1997). In addition, ACU has not been applied for the 
evaluation of lathe checks before, and preliminary tests 
were carried out in study IV. 
4. Checks in TMT affect the ACU responses. This hypothesis 
was tested in study V. The cracking of wood has been 
studied by conventional acoustics methods (Divós 2011, 
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Fuller et al. 1994, Schafer 1999, Schafer 2000) and by ACU 
(Gan et al. 2005). However, if one wishes to detect cracks 
irrespective of the orientation, measurements in two or 
more directions are needed, which was the approach 
applied in study V. 
 
EIS, FTIR and VOCs were studied in study III in relation to 
the mould growth. The FTIR and VOC analyses are beyond the 
scope of this thesis, and thus only EIS analyses will be discussed 
in the following sections.  
  
Aims 
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6 Materials and methods 
The non-destructive methods used in this thesis include 
electrical impedance measurements conducted over a wide 
frequency range and contact and air-coupled ultrasound 
measurements (Table 2). The studies were done with two types 
of materials; part of the material was selected carefully for the 
study and part of the material represented the typical material 
available for the industrial use. The materials included 
untreated wood, rotary peeled veneer and TMT of the wood 
species commonly used in Finland: Scots pine (Pinus sylvestris) 
and birch (Betula pendula / Betula pubescens). 
The studied untreated Scots pine material for studies I – III 
was collected from a 5.4 ha stand of 38 year old Scots pine in 
Finland. The felled trees represented the whole range of total 
heartwood phenolics in the stand and the sampling has been 
presented in detail in Harju and Venäläinen (2006), and the 
material has been investigated also in several other studies 
(Harju et al. 2009, Karppanen et al. 2008, Karppanen et al. 2007, 
Leinonen et al. 2008). For studies I and II, longitudinal and 
radial cross sections were cut from the wood discs, and each 
sample was stored wrapped in plastic in a freezer. The thickness 
of the samples was 3  1.5 mm. A sub-sample of seven trees 
from the original 42 ones was selected and six parallel samples 
of each tree were cut for study III. In study I, both heartwood 
and sapwood samples were analysed under five different 
conditions: 1) frozen with plastic covers, 2) green with plastic 
covers, 3) green, 4) conditioned in relative humidity (RH) of 65 % 
and 20 °C and 5) under normal laboratory conditions. In study II, 
only heartwood was studied in conditions 3) and 4). After the 
measurements in the green state, the samples were dried at 
103 °C. 
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The birch veneers for contact ultrasound measurement in 
study IV were produced by peeling (Figure 3) in a laboratory 
with the intent being to increase the variance in LCD and the 
veneers for the preliminary study with ACU were collected 
from veneer mill. The veneers were studied after drying and 
storage under normal laboratory conditions. The moistened 
veneers were equilibrated in RH 95 % and 25 °C. The green 
birch veneers for study IV were collected immediately after 
cutting in the veneer peeler and stored in a pile for a short 
period of time in plastic wrapping before the measurements. 
The nominal thickness of veneers was 1.5 mm. 
The TMT material for the study V was collected from 
industry. The treatment temperature had been 212 ± 3 °C and 
the plank dimensions were 50 x 150 x 1500 mm, N = 38. 
 
 
 
 
 
 
Figure 3. Rotary peeling of veneer, and radial (R), longitudinal (L) and tangential (T) 
directions illustrated relative to the wood log.  
R
T
L
Peeling lathe
Veneer
Log 
rotation
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6.1 REFERENCE TECHNIQUES 
Moisture content and density were measured by the oven-
drying method in 103 °C. Density was determined as dry mass 
per dry volume. Resin acid content (RAC), stilbene content  
(STC) and other chemical characteristics together with VOCs 
were determined as described in study I, Karppanen et al. (2007) 
and study III. The mould was detected with a light microscope 
and the mould index (MI) was determined according to the 
criteria proposed by Viitanen and Ritsckoff (1991).  
The checks in study IV were dyed to enhance their visibility. 
A new cross-section was cut after dyeing and imaged in the 
microscope (Figure 4). Lathe check depth (LCD) and lathe check 
length (LCL) were determined as a percentage of the thickness 
of the veneer and several successive checks were characterised 
to obtain the average LCD, LCL and lathe check angle (LCA). 
The number of checks (NC) in study II was analysed with the 
naked eye as such, which is the standard procedure in the 
quality control of TMT (Product Certification - Heat Treated Timber 
2007).  
 
 
 
 
Figure 4. Lathe checks in birch veneer. Lathe check depth (LCD) and length (LCL) 
were determined relative to the thickness of the veneer. Lathe check angle (LCA) was 
determined as the angle between the check and veneer surface. 
Materials and methods 
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6.2 EIS MEASUREMENTS 
EIS measurements were conducted with three impedance 
analysers with through-transmission (studies I & II) and one-
sided (study III) set-ups at frequency ranges between 1 Hz and 1 
GHz (Table 2, Figure 5). In studies I and II, the sample was 
placed between two parallel plate electrodes to form a capacitor. 
The electrode diameters were 10 mm / 7 mm (upper/ lower) in 
study I and 55 mm/10 mm in study II. In study III, the semicircle 
electrodes together formed a circle with diameter of 10 mm, and 
with a 1.5 mm gap in between the electrodes. RF I-V method 
used in the Agilent impedance analyser (study I) enables high 
accuracy measurement of a wide impedance range up to 3 GHz. 
Since residual impedance cannot be entirely removed by short 
and open circuit compensation, a Teflon sheet was used as a 
load compensation material. After the compensation 
measurements Ԣ௥ԢԢ௥, as in eq. (2), and tan  were calculated by 
the measurement software. The subscript r referring to relativity 
of the parameters, is hereafter omitted and the subscript 
describing the measurement direction is introduced: Ԣ௧, ԢԢ௧ and 
 ௧  refer to the tangential direction and Ԣ௟ , ԢԢ௟  and  ௟  to 
the longitudinal direction. In addition to these parameters, two 
ratios ߝ௟ᇱᇱ ሺߝ௟ᇱ െ ͳሻΤ  and ߝ௧ᇱᇱ ሺߝ௧ᇱ െ ͳሻΤ  were calculated. The ratio has 
been used as a dielectric parameter, for example in a study in 
which the MC of veneer of different species was determined by 
microwaves (Vainikainen et al. 1987). The advantage of using 
this ratio is that it is almost density-independent (Jacobsen et al. 
1980, Trabelsi et al. 2009). In study II, the measurements were 
normalized with empty cell measurements to compensate for 
the thickness variation. The empty cell measurements were 
made at 100 m intervals corresponding to the actual thickness 
of each sample. The normalised impedance response with 
modulus |Z| and phase angle 	 was then analysed. Hereafter, 
subscripts will be used to indicate the direction of the 
measurement; |Z||| and 	|| refer to the longitudinal and |Z


| 
and 	


 refer to the tangential measurement direction. 
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Figure 5. Electrodes used for studies I – III. a) Agilent 16453A, b) Solartron 12962A 
with 10 mm electrode and c) custom made surface electrode. In a) and b), the high (HI) 
and low (LO) potentials are indicated. 
6.3 ULTRASOUND MEASUREMENTS  
In the ultrasound measurements, three different types of 
equipment were used (Table 2). In study IV, contact 
measurements at 54 kHz were conducted for veneer at dried 
state and RH 95 % conditioned state. The contact between 
transducers and specimen was assured by applying a constant 
compressive force. The ACU measurements in studies IV and V 
were made with different transducers and setups (Table 2, 
Figure 6).  
Several ultrasound parameters describing the signal transit 
time, shape and energy were determined from the ultrasound 
signal (Table 3). The multiparameter approach provides the 
more accurate and reliable ultrasound measurements as 
compared to velocity and attenuation measurements (Halabe et 
al. 1996).  
10 mm
1.5 mm
a)
c)
Insulation
b)
55 mm
10 mm
LO
HI
LO
HI
7 mm
10 mm
Guard ring, LO
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Figure 6. Ultrasound setups. a) The ACU measurement in study IV with two 
receivers measuring simultaneously. b) ACU measurement in study V; from the 
middle of the plank, four through-transmissions measured sequentially with one pair 
of transducers at a time. The position of EIS electrodes is also indicated.  
  
ACU 380 kHz
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150 mm
TMT 
plank
EIS 
electrodes
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 360
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m
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Table 3. The ultrasound parameters determined and their abbreviations in time and 
frequency domains. 
 
 Abbreviation Parameter 
Time 
domain 
ct Centroid time 
dt Signal duration 
maxamp Maximum amplitude 
tmax Location of maximum peak 
tt Transit time (threshold crossing) 
tt1 Transit time (first maximum after threshold crossing) 
Frequency 
domain 
AF Area of the signal 
cf Centroid frequency 
df Width of frequency band (maxf – minf) 
Fmax Location of maximum peak 
Fmax1 Location of lower frequency maximum peak 
Fmax2 Location of higher frequency maximum peak 
Fmaxamp Maximum amplitude 
Fmaxamp1 Maximum amplitude of lower frequency 
Fmaxamp2 Maximum amplitude of higher frequency 
maxf Maximum frequency 
6.4 STATISTICAL ANALYSIS 
The statistical methods used in studies I – V are summarised in 
Table 4. The distribution of the impedance and ultrasound 
parameters was normalized prior to statistical analyses when 
needed. The statistical analyses were mainly made using SPSS 
(SPSS Inc., Chicgago, IL, USA) and Matlab (Mathworks, Natick, 
MA, USA). In studies I-II and IV-V, Pearson’s correlation 
coefficient was calculated for examining the relationships 
between NDT parameters and reference values. In study III, 
Spearman’s rank correlation coefficient was used since the 
reference value, mould index, is a categorical variable. In 
addition, differences between groups were studied with Mann-
Whitney U-test in studies II, III and V. Furthermore, paired 
samples t-test was applied in III to compare responses from the 
surfaces at the beginning of the mould development and later.  
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Multivariate analysis methods were also applied. Linear 
regression models were fitted in study IV, and the partial least 
squares (PLS) regression model in V. In PLS regression, the goal 
is to find a linear regression model for a set of dependent 
variables by extracting latent variables from independent 
variables. The latent variables are constructed to maximise the 
variance explained in the dependent variables, in contrast to 
principal component analysis, in which the latent variables are 
constructed to maximise the variance explained in the 
independent variables. To avoid over-fitting, the validation of 
the model is important in PLS analyses. Since the sample 
number in study V was rather small, full cross-validation was 
applied. In full cross-validation, also known as leave-one-out 
(LOO) cross-validation, the model is constructed with one 
sample left out from the data set, and this is then used as a 
validation sample. The procedure is repeated until each of the 
samples has been left out of the model. The PLS method has 
been successfully applied for example in the determination of 
modulus of elasticity and modulus of rupture of structural 
timber from acoustic vibration spectra (Brancheriau and 
Baillères 2003) and for determination of shrinkage of wood 
samples from sound wave transit time and physical properties 
(Danvind 2002). PLS can also be a useful tool for clarifying the 
relationships between variables. 
A naïve Bayes classifier was used in study V. Naïve Bayes is 
an effective algorithm for data mining and machine learning, 
although it is based on conditional independence, which is 
seldom true in real world applications. In the naïve Bayes 
classifier, each feature of a class is considered to be independent 
of any other feature. The data classification by naïve Bayes 
algorithm includes a training step and a prediction step. In the 
training step, the probability density functions were estimated 
by using kernel smoothing density estimate. At prediction step, 
a posterior probability for belonging to each class is calculated 
for an unknown sample. The classification is conducted 
according to highest posterior probability. 
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Table 4. Statistical methods used in studies I – V. N is the number of the specimens. 
 
Study N Correlation Statistical 
hypothesis 
tests 
Multivariate 
methods 
I 36-42 Pearson   
II 36 Pearson Mann-Whitney 
U-test 
Equivalent circuit 
model, CNLS 
algorithm 
III 7 Spearman Mann-Whitney 
U-test, paired 
samples t-test 
Equivalent circuit 
model, CNLS 
algorithm 
IV 9 – 36 Pearson  Multiple regression 
V 38 Pearson Mann-Whitney 
U-test 
PLS, Naïve Bayes 
6.5 EQUIVALENT CIRCUIT MODELS 
Equivalent circuit models in studies II and III were fitted using 
Zview (Scribner Associates Inc., Southern Pines, NC, USA). The 
program’s Complex nonlinear least squares (CNLS) algorithm 
was used in modelling the measured data at the impedance 
plane. The method is a successive approximation method, 
meaning that initial values for model parameters are required. 
The best fit is achieved by iteratively altering the initial values 
towards the direction to obtain a better fit, for which the error is 
evaluated by Euclidian norm. 
In study II, an equivalent circuit model was fitted for the 
green moisture state measurements at frequency range 1 Hz – 
1 MHz. The measured impedance responses formed two 
flattened arcs in a complex plane (R, X), and therefore the 
electrical impedance model chosen for the analysis was two 
ZARC-Cole elements in series. In study III, the frequency range 
of the fitting was 50 kHz – 1 MHz. The measured impedance 
response was a flattened semicircle in (R, X) plane and thus a 
single ZARC-Cole element was fitted. One ZARC-Cole element 
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consists of a constant phase element (CPE) in parallel with a 
resistor. The equations for various equivalent circuit models can 
be found for example in Barsoukov and Macdonald (2005). The 
impedance of a ZARC-Cole element is: 
 
ࢆሺ݆߱ሻ ൌ
ܴ୫
ͳ ൅ ܴ୫ ୫ܶሺ݆߱ሻటౣ
 (5) 
   
where j is imaginary unit, ௠ܶ , ܴ௠  and ௠  are the model 
parameters. ܴ௠  represents a resistive element, which is in 
parallel with the constant phase element (CPE). CPE is 
composed of a distribution of capacitive and resistive elements. 
௠ܶ is a capacitive and ௠ a distribution element of the model. 
௠ܶ and ܴ௠ are constants independent of frequency, and 0 < ௠ < 
1. The time constant ௠ of the model is 
 
 ߬௠ ൌ ሺ ௠ܴܶ௠ሻ
ଵ
ట೘ൗ . (6) 
 
Time constant ௠ represents the mean relaxation time constant 
of the circuit, which is equal to 1/fd, where fd is the dispersion 
frequency. The impedance of two ZARC-Cole elements in series 
is  
 
ࢆሺ݆߱ሻ ൌ
ܴଵ
ͳ ൅ ܴଵ ଵܶሺ݆߱ሻటభ
൅
ܴଶ
ͳ ൅ ܴଶ ଶܶሺ݆߱ሻటమ
Ǥ (7) 
 
In study III, correlations between the mould index and the 
fitting parameters were tested and the electrical parameters 
were also compared to the mould index. The suitability of the 
fitting was evaluated by the square of the standard deviation 
between the original data and the fitting (2) and by the 
weighted sum of squares. 
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Figure 7. Complex impedance spectra of the applied equivalent models plotted in (R,X) 
plane. 
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7 Results 
The most important findings of studies I - V are summarised in 
Table 5. 
7.1 EIS CHARACTERISATION OF WOOD 
The correlations between wood characteristics (MC, , RAC and 
STC) and EIS responses were tested in studies I and II. Each of 
the characteristics had an influence on the EIS spectra of Scots 
pine in different moisture states over a wide frequency range. 
Examples of the measured spectra are shown in Figures 8 and 9. 
The measurements were arranged separately for heartwood and 
sapwood. 
 
Table 5. The most important findings of studies I – V. 
 
Study Most important findings 
I & II The extractives have an effect 
on the EIS responses of wood 
both in green and dried state; 
especially on the phase related 
parameters in the tangential 
measurement direction. 
Green heartwood: 
RAC/	


 at 100 Hz: r = -0.45, p 
< 0.01 
RAC/ߝ୲ᇱᇱ ሺߝ୲ᇱ െ ͳሻΤ  at 1 GHz, r = -
0.56, p < 0.001 
III EIS responses were affected by 
incipient mould and mould 
development before the mould 
growth could be detected by 
the naked eye. 
Paired samples T-test, 
comparing mould indices 0/1:  
Difference between EIS model 
parameters 
T (10-12): 3.6/5.3 p < 0.001,  
: 0.97/.95, p < 0.001 
IV Ultrasound response of birch 
veneer was related to the LCD. 
ACU measurement was 
applicable and there were 
parameters correlated to the 
characteristics of lathe checks. 
Contact ultrasound for veneer, 
regression model for  
LCD: r2 = 0.47, std. error of the 
estimate 9 % 
ACU for veneer, transmission: 
LCA/tt1: r = 0.86, p < 0.01 
V ACU responses of TMT were 
affected by the checking. 
ACU for TMT: Naïve Bayesian 
classification for slightly and 
severely checked timber, 
correct classification 97 % 
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Figure 8. Spectra for heartwood in green and RH 65 % conditioned moisture state in 
the longitudinal (L) and tangential (T) directions. a) The dielectric constant (’), b) 
The loss tangent (࢚ࢇ࢔ࢾ). 
 
 
 
Figure 9. The data and fitting of impedance spectra with two ZARC-Cole elements in 
series (eq. (7)) for green heartwood in the tangential (T) and longitudinal (L) 
directions. The frequency range is 1 Hz – 1 MHz. 
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7.1.1 Heartwood  
STC and RAC correlated strongly with each other (r = 0.84, p < 
0.001) and both displayed negative correlation with MC in RH 
65 % conditioned moisture state (r = -0.73, p < 0.001 and r = -0.54, 
p < 0.001, respectively). In the green moisture state, there were 
no significant correlations between MC and STC or RAC.  
Generally, the correlations for density were highest when the 
EIS parameters were measured in the longitudinal direction. For 
MC, there were correlations in both directions, and for the 
extractives, the correlations were strongest in the tangential 
direction, although there were some exceptions. A summary of 
the significant correlations between EIS parameters and wood 
characteristics at frequency ranges is presented in Tables 6 and 7.  
In green wood, MC correlated most strongly with |Z| and ’ 
at frequencies 100 Hz – 10 kHz and 1 MHz – 1 GHz, respectively. 
The correlations were at their highest at 10 kHz (r = -0.71, p < 
0.001). There were also correlations between the dielectric 
parameters and MC of the frozen wood; in the longitudinal 
direction, the MC correlated with the ratio ߝԢԢ ሺߝᇱ െ ͳሻΤ  at 
frequencies < 27 MHz and > 120 MHz, and in both directions 
with ’ throughout the measurement range from 1 MHz to 1 
GHz.  
 
 
Table 6. Significant correlations between impedance modulus/dielectric constant 
(|Z|, ’) and MC, density  or RAC/STC of Scots pine heartwood throughout the 
frequency range at different moisture states in the tangential (T) and longitudinal (L) 
directions. Dark grey; minimum p < 0.01, light grey: minimum p < 0.05, white: p ≥ 
0.05.  
   1 
Hz 
10 
Hz 
100 
Hz 
1 
kHz 
10 
kHz 
100 
kHz 
1 
MHz 
10 
MHz 
100 
MHz 
1 
GHz 
MC 
Green T          L          
RH 65 % T          L          
 
Green T          L          
RH 65 % T          L          
RAC/ 
STC 
Green T          L          
RH 65 % T          L          
Laura Tomppo: Novel applications of electrical impedance and 
ultrasound methods for wood quality assessment 
60 Dissertations in Forestry and Natural Sciences No 100 
Table 7. Significant correlations between impedance phase angle/loss tangent (	, tan 
) and MC, density  or RAC/STC of Scots pine heartwood throughout the frequency 
range at different moisture states in the tangential (T) and longitudinal (L) directions. 
Dark grey; minimum p < 0.01, light grey: minimum p < 0.05, white: p ≥ 0.05. 
  1 
Hz 
10 
Hz 
100 
Hz 
1 
kHz 
10 
kHz 
100 
kHz 
1 
MHz 
10 
MHz 
100 
MHz 
1 
GHz 
MC 
Green T          L          
RH 65 % T          L          
 
Green T          L          
RH 65 % T          L          
RAC/ 
STC 
Green T          L          
RH 65 % T          L          
 
 
Both |Z| and ’ correlated with . In green heartwood, the 
correlations were significant in the longitudinal direction above 
1 MHz. In RH 65% conditioned wood, there were significant 
correlations also at the lower frequencies, starting from about 30 
Hz. In frozen heartwood, ’ correlated significantly with density 
at frequencies above 1 MHz. 
The phase-related parameters and ratio ߝԢԢ ሺߝᇱ െ ͳሻΤ  correlated 
significantly with RAC or STC at both ends of the measurement 
range; below 400 Hz and above 520 MHz in the green moisture 
state. In the moisture conditioned samples, the correlations were 
also detected at the ends of the frequency range; below 1 kHz 
and above 40 MHz, and also in the longitudinal direction.  
In study II, RAC and STC were also subdivided into class 
variables with two classes representing low and high contents. 
The difference between impedance parameters in those classes 
were tested with the Mann-Whitney U test. In the green 
moisture state, a statistically significant (p < 0.05) difference was 
detected between 	


 of the two RAC classes at frequencies 1 Hz 
and 2.5 – 250 Hz. For 	|| and |Z
| in the green condition, there 
were no significant differences found between the RAC classes, 
but for |Z||| there were differences detected at high frequencies. 
In the corresponding analysis of STC classes in green moisture 
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states, there were no significant differences for any impedance 
parameters measured in green moisture state. A comparison 
between the two RAC and STC classes was also made for 
measurements in the RH 65 % conditioned state (Table 4). The 
RAC classes could be differentiated with 	


 and 	|| at low 
frequencies (100 Hz and 100 Hz – 1 kHz, respectively) but STC 
classes were not distinguishable from each other. 
Electrical equivalent circuit models were fitted for the 
measurements in the green moisture state at the low frequency 
end. The fitting error, expressed as the weighted sum of the 
squares, was on average 0.3 for longitudinal measurements and 
0.14 for radial measurements. Typical spectra for green 
heartwood are presented in Figure 9. The model parameters 
were then correlated with MC, , STC and RAC. R1, 1, R2 and T2 
correlated with MC significantly. For the extractives, the only 
significant correlation with the equivalent circuit model 
parameters was the one between tangentially measured R2 and 
STC (r = 0.35, p < 0.05). 
7.1.2 Sapwood 
There were highly significant correlations between sapwood 
MC and  in the green moisture state (r = -0.81, p < 0.001 and r = 
-0.63, p < 0.001 for longitudinal and radial cuts respectively). In 
frozen sapwood, there were no correlations found between MC 
and ’. However, the ratio ߝ௟ᇱᇱ ሺߝ௟ᇱ െ ͳሻΤ  correlated significantly 
with the MC throughout the frequency range, whereas 
ߝ௧ᇱᇱ ሺߝ௧ᇱ െ ͳሻΤ  correlated with the MC only at the lower 
frequencies. In the RH 65 % conditioned and non-conditioned 
samples, there were no significant (p < 0.01) correlations 
between the MC and any of the dielectric parameters. 
In green sapwood, the correlations between ’ and  were not 
significant in either of the measurement directions. In the RH  
65 % and laboratory measurements, there were significant 
correlations between  and ’ in both directions. In the RH 65 % 
conditioned samples, the correlation was stronger in the 
longitudinal (r = 0.84, p < 0.001 at 980 MHz) than in the 
tangential (r = 0.59, p < 0.001 at 3 MHz) measurement direction. 
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In the RH 65 % measurements, the correlation between  and 
 ߜ௧was above 0.5 at frequencies above 10 MHz. In the 
measurements of non-conditioned samples, the changes in 
correlations as a function of frequency were similar to those in 
RH 65 %, but the correlations were weaker. 
7.1.3 Analysis of mould development on wood using EIS 
EIS spectra were significantly affected by mould growth  
(Table 4) and there was a significant correlation between the EIS 
parameters and the mould index during the mould test. The 
strongest correlations were observed at the beginning of the 
mould test. 
There were significant differences in the EIS when comparing 
the responses measured from the same specimen when its 
mould index was 0 or 1 (Table 8). In addition, when comparing 
all the sound specimens with all the moulded specimens, a 
significant difference was detected in the impedance parameters. 
It was observed that the fitting errors of the equivalent circuit 
model (2 and weighted sum of squares), were lower for the 
moulded specimens than for their sound counterparts.  
 
 
Table 8. Paired samples T-test statistics when comparing FTIR and EIS 
measurements from sound and moulded specimens (mould index MI = 0 and MI = 1). 
 N Mean (MI 0/1) S.d. (MI 0/1) 
T x 10-12 8   3.6/5.3 ***     0.7/0.8 
 8 0.97/0.95 *** 0.009/0.008 
R (k) 8  360/300    130/30 
 x 10-7 8   8.5/8.0     2.7/1.0 
1 Paired samples T-test: *** p < 0.001 
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7.2 ULTRASOUND EVALUATION OF WOOD MATERIAL IN 
RELATION TO CHECKS 
Study IV showed that LCD and density of dry birch veneer 
correlated significantly with several ultrasound parameters. 
Regression models were fitted for LCD with transit time and 
width of the frequency band as independent variables (r2 = 0.47, 
p < 0.001), and the error of the LCD estimate was 9 percentage 
units. For density, a regression model was fitted with area and 
duration of the signal as independent variables (r2 = 0.62, p < 
0.001); the error of the density estimate was 18 kg/m3. Significant 
correlations also existed for the contact measurements after the 
samples were equilibrated in RH 95 % and 25 °C temperature.  
Preliminary tests with ACU for green birch veneer showed 
that signals were measurable and there were differences 
between the responses from the veneers. Single ultrasound 
parameters correlated with LCD, MC and  of the veneers. 
When the simultaneous inclined through-transmission and 
reflection measurements were compared, it was observed that 
the energy-related parameters from the reflection and the 
through-transmission correlated positively in all directions. 
Examples of the measured signals in study V at 380 kHz are 
presented in Figure 10 for clear and checked TMT. For TMT, 
several characteristics correlated with ACU parameters. For 
example, the density correlated significantly with cf and 
amplitude related ultrasound parameters of the 100 kHz ACU 
signal and the same parameters also correlated significantly 
with the number of checks (Table 9). There were also significant 
correlations between amplitude parameters and MC as well as 
earlywood and latewood content. However, the density 
correlated also with MC, earlywood, latewood and NC, and 
thus partial correlations were calculated to analyse the 
relationships in more detail. When density was controlled, the 
NC was the only characteristic correlating with the 100 kHz 
ACU measurements, and when the NC was controlled, the 
strength of the correlations between ACU 100 kHz parameters 
and density decreased.  
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Figure 10. Examples of signals at 380 kHz from TMT without checks in time (a) and 
frequency (b) domains, and the corresponding signals from checked TMT (c, d).  
 
 
Table 9. Correlations between reference values (density , moisture content MC, 
earlywood and latewood contents and number of checks NC) and determined ACU at 
100 kHz and EIS parameters (impedance modulus |Z| and phase angle 	) at several 
frequencies. The ACU parameters are explained in Table 3. 
   MC Earlywood 
content 
Latewood 
content 
NC 
ACU Ct 0.28 -0.13 -0.16 0.01 0.52*** 
Cf 0.53*** -0.33* -0.35* 0.23 0.53*** 
tmax 0.26 -0.07 -0.13 -0.08 0.48** 
Maxamp -0.46** 0.38* 0.42** -0.30 -0.45** 
Fmax 0.00 0.05 0.09 0.06 -0.19 
Fmaxamp -0.41* 0.34* 0.40* -0.38* -0.38* 
Fmax1 0.03 -0.12 0.03 0.09 -0.06 
Fmaxamp1 -0.41* 0.34* 0.40* -0.38* -0.38* 
Fmax2 -0.02 0.13 -0.12 0.16 -0.16 
Fmaxamp2 -0.29 0.25 0.27 -0.09 -0.44** 
AF -0.45** 0.37* 0.42** -0.32 -0.42** 
|Z| 2 kHz -0.55*** 0.16 0.53*** -0.58*** -0.15 
10 kHz -0.56*** 0.16 0.52*** -0.57*** -0.15 
100 kHz -0.54*** 0.16 0.50** -0.55*** -0.16 
1000 kHz -0.59*** 0.19 0.49** -0.51*** -0.20 
	 2 kHz 0.13 -0.20 -0.33* 0.41* -0.10 
10 kHz -0.35* 0.10 0.27 -0.19 -0.36* 
100 kHz -0.70*** 0.23 0.48** -0.44** -0.23 
1000 kHz 0.55*** -0.16 -0.52*** 0.56*** 0.15 
*  significant at p < 0.05 level 
**  significant at p < 0.01 level 
***  significant at p < 0.001 level 
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In the classification analyses, the samples were divided into 
two groups according to the extent of checking; slight checking 
(checks < 10 mm, N = 24) and severe checking (checks > 10 mm, 
N = 14). A Bayesian classification algorithm was used for 
distinguishing the severely checked samples from the others by 
ACU measurement, and a confusion table was constructed 
(Table 10). Full cross-validation was used for evaluating the 
quality of the model. With both ACU measurements in the 
model, the correct classification rate (CCR) was 97 % whereas 
with cross-validation (CCRCV) it was 84 %. The model did not 
improve by including EIS parameters as predictors.  
Three PLS models for density were constructed; one using 
parameters from ACU measurement at 100 kHz, one using EIS 
responses and one using both. The combination of the methods 
resulted in the highest r2 (Table 11).  
 
 
Table 10. Confusion table for the Naïve Bayes classification. Classification based on 
100 kHz ACU, 380 kHz ACU and combination of them. Number of samples N, correct 
classification rate CCR (%) and cross-validated correct classification rate CCRCV (%). 
  Predicted N CCR 
(%) 
CCRCV 
(%) 
A
ct
u
al
 
 Slight 
checking 
Severe 
checking 
   
ACU 100 kHz 1      
Slight checking 24 0 24 100  
Severe checking 5 9 14 64  
    87 76 
ACU 380 kHz 2      
Slight checking 24 0 24 100  
Severe checking 2 12 14 86  
    95 74 
ACU 100 & 380 kHz 3      
Slight checking 24 0 24 92  
Severe checking 1 13 14 93  
    97 84 
1 ct,cf,tmax, fmax1, fmax2, AF 
2 point1 ct, point2 ct & cf, point3 cf 
3 100 kHz: ct, cf, tmax & 380 kHz: point1 ct point2 ct & cf, point3 cf 
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Table 11. PLS regression models fitted for TMT density (). The applied measurement 
method, the coefficient of determination (r2), the cross-validated coefficient of 
determination (ݎେ୚ଶ ), root mean square error of prediction without and with cross-
validation (RMSEP/RMSEPCV). N was 38 and the number of latent variables was one 
for each model. 
Method r2 r2CV 
RMSEP  
(kg/m3) 
RMSEPCV  
(kg/m3) 
ACU 100 kHz 0.22 0.08 27 30 
EIS: 2 kHz – 1 MHz 0.38 0.28 26 24 
ACU 100 kHz & EIS: 2 kHz – 1 MHz 0.43 0.32 23 25 
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8 Discussion 
In this thesis, novel applications of electrical impedance and 
ultrasound methods were studied for use in wood quality 
assessment. The studied materials were both green raw 
materials and processed wood products. EIS methods were 
studied in two applications: detection of extractives in Scots 
pine and monitoring of mould development on wood. Contact 
and air-coupled ultrasound methods were studied for the 
detection of checks in veneer and thermally modified wood. 
Overall, the selected NDT methods proved to be potentially 
advantageous for the studied applications and the hypotheses 
devised at the start of this thesis were confirmed.  
Studies I and II indicated that the extractives influence the 
EIS spectra at both low and high frequencies and that this 
influence is detectable even in the green moisture state. 
Furthermore, the tangential measurement direction, rather than 
the longitudinal, should be utilised for the determination of 
extractives with the focus on phase-related parameters and ratio 
ߝᇱᇱȀሺߝᇱ െ ͳሻ. In addition, the EIS response changed with incipient 
mould growth on wood specimens (study III). Ultrasound signal 
parameters were significantly affected by LCD, and the ACU 
parameters also correlated with lathe check characteristics 
(study IV). Furthermore, the ACU response of TMT was 
significantly affected by checking (study V). These results will 
be discussed in more detail in the following sections. 
8.1 EIS CHARACTERISATION OF WOOD 
Overall, the results of study I – III are in agreement with 
literature (James 1975, Skaar 1988, Torgovnikov 1993). The 
complex molecules and heterogeneous structure of wood cause 
strong discontinuities in conductivity, especially when moisture 
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is present in wood. Thus, interfacial polarisations occur in wood 
at low frequencies. These Maxwell-Wagner type relaxations 
have been recognised at frequencies 30 Hz – 5 MHz at 
temperatures from -20 °C to 80 °C (Tsutsumi 1965 cited by 
Sugimoto et al. 2005). Sugimoto et al. (2005) discovered three 
relaxations for wood at 20 Hz – 10 MHz; they concluded that at 
high frequencies, the relaxation was caused by the motions of 
adsorbed water molecules, and at middle frequencies by 
interfacial polarisation in the wood structure. The dispersion 
frequencies calculated from the equivalent circuit models in 
study II were 2 Hz and 51 kHz for tangential measurement and 
5 Hz and 22 kHz for longitudinal. In study III, the dispersion 
frequency was on average 21 kHz. These higher frequency 
dispersions are rather close to the middle frequency dispersion 
of 27 kHz measured for wood impregnated with methyl 
metacrylate (MMA) (Sugimoto et al. 2005). Sugimoto et al. (2005) 
found a third relaxation at low frequencies for untreated and 
methanol-benzene extracted samples. The polarisation at low 
frequencies disappeared when extracted samples were 
impregnated with MMA. Therefore, the relaxation at low 
frequencies was postulated to be caused by electrode 
polarisation. However, impregnation with MMA affects the 
whole sample, and changes other than elimination of electrode 
polarisation would also be expected. 
The presence of non-water soluble extractives creates 
electrical discontinuities in moist wood which has an effect on 
the conductivity and the interfacial polarisation. The results of 
study II are in good agreement with the theory; both in the 
green and RH 65% -conditioned state, the extractives correlated 
with the electrical impedance response at low frequencies 
(Tables 6 – 7). The extractives have an effect on the sorption of 
moisture (Wangaard and Granados 1967), which was also 
observed in studies I and II; high RAC was related to low 
equilibrium MC. An inspection by partial correlations suggests 
that the correlations between phase angle or tan  or ߝ௧ᇱᇱ ሺߝ௧ᇱ െ ͳሻΤ  
and extractives were not, at least exclusively, caused by MC. 
The interaction between equilibrium MC and extractive content 
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and their joint effect on dielectric properties has not been widely 
discussed before, but it can be of importance, for example when 
the MC of wood is determined after drying (Tiitta 2006). 
Scanning measurement at single microwave frequency together 
with multivariate analysis has been used to predict the MC and 
the density of Scots pine and their distributions (Johansson et al. 
2003a, Johansson et al. 2003b). Microwaves at 10 GHz have even 
been used for simultaneous determination of wood grain angle, 
moisture content and density (Schajer and Orhan 2006). The 
measurement at multiple frequencies has been proposed as a 
solution to reduce the errors in MC and density models caused 
by dissimilar wood regions with diverse characteristics 
(Lundgren et al. 2006), and multiple frequencies are measured in 
different applications in order to determine MC independently 
of density (Kupfer 2005). Studies I - II support the concept of 
measuring at two or more frequencies in order to avoid the 
effect of extractives on the measurement of MC and density.  
The results of studies I and II were in agreement with earlier 
studies on the anisotropy of dielectric properties of wood 
(Norimoto and Yamada 1971, Norimoto and Yamada 1972, 
Norimoto et al. 1978, Peyskens et al. 1984, Sahin and Ay 2004). 
The anisotropy of wood at various levels is responsible for the 
anisotropy in dielectric properties; for example the hydroxyl 
groups of cellulose have more freedom to rotate in the 
longitudinal direction (Lin 1967) and the arrangements of cell 
wall and lumen are different in the longitudinal and transverse 
directions (Norimoto et al. 1978). The radial direction was not 
examined in studies I-II, but in general the difference between 
the radial and tangential measurements is small as compared 
with the difference between longitudinal and transverse 
directions (Norimoto et al. 1978, Peyskens et al. 1984, Sugimoto 
et al. 2005). The percentage of latewood, the ratio of cell wall 
area to cell area and irregularity of cell array are factors causing 
differences between radial and tangential directions (Norimoto 
et al. 1978).  
The capacitive element Tm increased and distribution element 
m decreased with mould development in study III. Tiitta et al. 
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(2003) detected similar changes in wood with increasing water 
content. The MC of the samples was not determined in study III, 
because the study was originally designed to be a standard 
mould test, and the non-destructive techniques were applied in 
order to cause minimum interference with this other trial. There 
were variations in EIS as a function of mould index and time; 
possible explanations are the development of new generations 
of mould and variations in MC caused by the phenomenon. MC, 
especially at the surface, should be considered in the future 
studies as a factor affecting the EIS spectra in addition to mould 
development. 
Electrode polarisation has been a widely discussed problem 
in low frequency EIS measurements, but its effect on the results 
was considered to be minor and irrelevant to the conclusions. In 
study II, the Warburg impedance behaviour which is typical of 
electrode polarisation was not observed. The Warburg 
impedance is related to diffusional impedance and it manifests 
itself as a straight line at a 45 ° angle in the (R, X) plane. In study 
III, the data was analysed only above 50 kHz. There was 
extensive variation in data at low frequencies; its possible causes 
include electrode polarisation and varying surface properties 
because of the mould. The effects of electrode polarisation 
decrease with increasing frequency and electrode size and 
increase with current density. The plastic cover between the 
sample and electrode was observed to reduce impedance in the 
spectra at low frequencies, while at high frequencies, the 
responses with and without the plastic cover resembled each 
other (unpublished data complementing studies I and II). In 
practical applications with green wood there may need to be a 
dielectric layer between the specimen and electrodes in order to 
avoid electrode polarisation and to stabilise the electrodes. The 
layer could be deposited on electrodes using thin film methods, 
and these types of electrodes were tested in study V. 
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8.2 ULTRASOUND EVALUATION OF WOOD MATERIAL IN 
RELATION TO CHECKS 
The organisation of wood cells affects the propagation of 
acoustic signal in wood. In the longitudinal direction, wood cells 
are arranged as tubes which can act as pathways for an acoustic 
signal, but in the radial and tangential directions these kinds of 
pathways in general are missing. The tubular cells of wood are 
typically organised in rows in the radial direction, whereas in 
the tangential direction they are in random organisation. The 
anisotropic structure of wood can be exploited in NDE for 
measurement of various properties. The cracks are the most 
important defects affecting wood strength (Schniewind and 
Lyon 1973), and ultrasound is closely related to modulus of 
elasticity of the material. For both TMT and veneer, an increase 
in the severity of checking similarly affected ultrasound 
propagation; the velocity and the energy of transmitted 
ultrasound was reduced with increasing checks or check 
number. Several parameters from the ultrasound signal were 
used for the characterisation of the samples in studies IV and V.  
In earlier studies, ACU has been used in different ways, for 
example in the detection of delamination in wood and wood-
based composites (Bucur 2011, Gan et al. 2005, Kažys et al. 2006, 
Sanabria 2012, Sanabria et al. 2011), and the results of study V 
are in good accordance with published reports. Ultrasound 
frequencies from 54 kHz to 116 kHz were applied in study IV 
for veneer. Since the ultrasound velocity in wood is around 1000 
m/s in the transverse direction (Beall 2002), the wavelengths 
were correspondingly between 19 mm and 8.6 mm. The 
thicknesses of studied veneers were around 1.5 mm and Lamb 
waves were generated. The applied wavelengths are large in 
comparison with most of the wood heterogeneities, e.g. year 
rings, which reduces their direct effect. On the other hand, knots 
and grain angle can create variations equal to or larger than the 
wavelength, but these were avoided by adjusting the 
measurement location whenever possible. The wavelength is 
also larger than the lathe check dimensions; the measurement is 
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based more on the strength-decreasing properties of checks 
rather than on the measurement of checks directly. In the TMT 
measurements through thicknesses 50 mm and 150 mm, the 
wavelengths were approximately 2.6 mm and 10 mm, 
respectively. The cut-off for classification of mildly checked and 
severely checked samples was set at 10 mm. In the 380 kHz 
measurements the check cut-off is several times the wavelength 
and thus a single check, if it is oriented perpendicular to the 
wave propagation, should be detected. In the 100 kHz 
measurement, the wavelength is close to check cut-off, but air 
gaps below 100 μm have been detected in glued timber 
delaminations for 120 kHz ACU (Sanabria et al. 2011). 
The results relating to contact ultrasound measurement of 
LCD (study IV) are in agreement with Wang et al. (2001). The 
unexpected correlation between reflected and transmitted 
energy-related parameters in study I for ACU measurement 
may be caused by scattering and Lamb wave effects, but more 
measurements will be needed before it is possible to draw a firm 
conclusion. For on-line use, the LCD should be measured from 
green veneer to provide immediate feedback to the lathe 
operator. In addition, the green veneer is more level than its 
dried counterpart, and the thin veneers tend to dry easily 
during handling and measurements in laboratory. Thus, in 
order to be able to measure level veneer, the ultrasound method 
should be applied in a peeling line as early as possible during 
the development. In study IV, the green birch material was 
collected from the beginning of the veneer mat, and thus it was 
sapwood. There were indications that ACU could represent a 
potential measurement technique for LCD, although the results 
need to be interpreted with caution because of the small number 
of samples. The acoustic NDT methods were insensitive to the 
number of lathe checks in Douglas fir (Wang et al. 2001), but the 
relation has not been studied for birch. Recently, a novel method 
for determination of the lathe check depth and the frequency at 
the laboratory was developed (Pałubicki et al. 2010). The 
method includes automated imaging and analyses of checks 
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from the cross-section of the veneer, providing useful reference 
data for the development of ACU method for LCD analyses.  
In the detection of delamination, the orientation of a potential 
void is known beforehand, whereas internal cracks can be 
oriented more randomly. In general, discontinuities in a wood 
material pose a risk for checking. The pith in the cross-section of 
a board is related to increased checking both for thermal 
modification (Johansson 2006) and normal drying (Sandberg 
2005), which was observed also in study V. The discontinuities 
affect also the propagation of ultrasound, and thus some of the 
changes in the ACU signal which were attributed to checks 
could have been caused by other defects in the wood. Further 
investigations will be needed to provide insights into the effects 
of direction and severity of cracks; for process control one 
should be able to distinguish between process and source based 
checks. Wood with high drying stresses can be warped, but the 
shape of the TMT planks was not analysed for study II. The 
effects of deformations on ACU should be considered in the 
future in the development of check measurement. The method 
of determining checks in TMT would also be potentially useful 
for examining normally dried timber.  
In addition to checks, the density affects the ultrasound 
responses of wood material depending on the measurement 
direction. For example, de Oliveira and Sales (2006) reported the 
coefficient of determination for density to vary from 0.80 to 0.88 
in longitudinal measurement with contact ultrasound. With 
ACU in the transverse direction and EIS, the r2 was 0.43 in 
study V. The wood structure in the longitudinal direction is 
appropriate for density determination, and the checks have a 
relatively small impact on the measurement. However, it is 
likely that macroscopic cracks can also affect the ultrasound 
measurement in the longitudinal direction. Transverse ACU is 
also a potential method for improving the non-destructive MC 
determination of TMT at high MC (> FSP) (van der Beek et al. 
2011), but ACU in the longitudinal direction has not been 
investigated. In many cases, measurement in the transverse and 
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longitudinal directions provides complementary information 
and it is thus useful in the analyses of multiple characteristics.  
The reproducibility of ACU has been evaluated to be better 
than that of contact ultrasound for example because the contact 
pressure and surface properties affect the coupling of the 
transducers and wood in contact setup. Sanabria et al. (2011) 
estimated the variation of repeated ACU amplitude 
measurements to be below 1.5 %, taking into account the 0.4° 
angular tolerance in the alignment between sample and 
transducers. However, in addition to alignment, surface 
characteristics such as roughness can also introduce variation 
into the results of ACU. Based on the author’s experience, the 
repeatability of the ultrasound measurements is high and the 
greatest variance in results is attributable to the sample itself; for 
example defects, grain orientation and surface roughness or 
irregularity may cause extensive variation, although the 
measurement points are nearly the same. Furthermore, the 
variance caused by the wood heterogeneity can be reduced by 
averaging several measurements taken from locations close to 
each other, which was utilised in studies IV – V. A compromise 
between adequate averaging and spatial resolution is also 
related to ultrasound beam size.  
8.3 NON-DESTRUCTIVE EVALUATION OF WOOD  
Ultrasound and EIS are non-destructive techniques which are 
based on different physical phenomena. EIS is better suited for 
measurement of MC and the chemical components and 
phenomena which change those parameters, whereas 
ultrasound is better suited for the measurement of strength and 
stiffness. Therefore, EIS was selected as the analysis tool for the 
applications relating to extractive content and mould 
development and ultrasound, especially ACU, in those 
applications involving checking of wood and thereby its 
strength.  
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Since wood is such a heterogeneous material, it is challenging 
to analyse it is characteristics, either by destructive and non-
destructive techniques. One challenge in the development of 
accurate NDT methods are the reference methods, because their 
uncertainty limits the accuracy of the developed method. In the 
ideal situation the reference values would be determined with a 
precise method from the exactly same point with the NDT 
measurement. For example in studies I – V it was not possible to 
use exactly the same location for the NDT and reference 
measurement. One approach to avoid this problem is to select 
knotless wood material with as few defects as possible, often 
referred to as clear wood. This common approach was also used 
in this thesis. The effects of knots, reaction wood, checks etc. can 
be quite efficiently avoided in this way. The reference methods 
applied in this thesis were chosen to represent the standard 
methods applied in industry. For example, the density of Scots 
pine could be measured more accurately, if the samples were 
extracted before drying, but this was not considered to be 
necessary. Furthermore, the checking of TMT could be 
determined in a microscope, but checks undetectable by the 
naked eye were considered to be below the critical limits. In 
further studies, the check orientation and their location in the 
plank should be determined in addition to the parameters 
determined in V. 
In practical measurement applications, there are several 
aspects to be considered in addition to those discussed in 
studies I – V. For example, the requirements for on-line 
measurements are dissimilar to those of the measurement of 
steady objects. Furthermore, ranges of the characteristics of the 
wood such as MC and density affect the choice of the 
measurement technique, as well as the requirements of accuracy 
and repeatability. In addition, the desired probing depth affects 
the choice of the measurement technique and along with the 
possible measurement geometries emerges also the option of 
through transmission versus one-sided measurement. Feasibility 
of a measurement technique depends also on its cost and added 
value. 
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The choice between the contact and non-contact 
measurement technique depends on the application. ACU 
requires the measurement distance to be beyond the near-field, 
which is related to the frequency of ultrasound and the size of 
the transducer. However, the lack of contact may even improve 
the reproducibility in the results (Sanabria et al. 2011). EIS can 
also be realised as a non-contact measurement. In the on-line 
measurements, the varying distance between the sensor and 
object can represent a problem in both contact and non-contact 
methods. Moreover, the contact between wear-resistant 
electrodes and the object may even prevent the contamination of 
the electrodes in industrial applications. 
The NDT method might be improved by applying two 
different measurement techniques, for example strength grading 
of timber can be improved by using acoustic methods together 
with X-rays (Brännström 2009, Hanhijärvi and Ranta-Maunus 
2008). In the determination of strength, X-ray scanning can 
provide information on knots and density variations, which 
affect both the acoustic methods and the strength. Similarly, 
especially if a wide range of characteristics needs to be 
determined, measurement by both EIS and ACU could be 
beneficial. ACU could be applied to widen the measurement 
range of dielectric and electric methods for MC determination of 
TMT (van der Beek et al. 2011). In addition, for example decay, 
which causes changes in density and strength, can be measured 
by either technique, EIS being more suitable for incipient decay 
and ultrasound better detecting severe decay (Tiitta 2006). For 
example, in many applications ACU and EIS can be realised in 
the same set up, which would be a cost-effective way to 
undertake measurements with the two techniques.  
The applications studied in this thesis are in different phases 
of the development. The measurement of extractive content of 
wood requires more fundamental studies in order to evaluate 
the feasibility. The correlations between extractives and EIS 
parameters in studies I and II were significant, but only at 
moderate level and more analyses are needed to evaluate the 
achievable detection limits for the extractives. The detection of 
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mould is in very early phase of development with only 
preliminary investigations carried out in study III. More 
comprehensive study with larger sample set and more detailed 
analyses of MC is needed to conclude whether the method is 
feasible. The ultrasound detection of checks is the most 
advanced of the methods. The relationship between checks and 
ultrasound propagation has been verified in several 
independent studies and there are ACU based detectors for 
delamination in wood-based panels commercially available, e.g. 
UPU 5000 (GreCon, Alfeld, Germany) and Ultra-Scan (Electronic 
Wood Systems GmbH, Hameln, Germany). The further 
ultrasound studies will concern for example the effects of the 
check orientation, size and position. 
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9 Summary and conclusions  
In this study, novel applications of electrical impedance and 
ultrasound methods were evaluated for use in wood quality 
assessment. Firstly, EIS methods were studied for assessment of 
the extractive content of Scots pine in several moisture states 
from green and frozen to normal room conditions. Secondly, EIS 
was studied for monitoring of mould development on wood 
and thirdly, contact and air-coupled ultrasound methods were 
studied for the detection of checks in veneer and thermally 
modified wood. The results of the studies can be concluded as 
follows: 
1. The extractives of Scots pine affected the EIS responses in 
both the low and at high frequency ranges. A tangential 
measurement direction and phase-related parameters 
together with ߝᇱȀሺߝᇱᇱ െ ͳሻ seemed the most suitable for 
studies of extractives. The extractive content correlated 
with EI spectra in both green and dried moisture state and 
at low and high frequencies. The results reveal that EIS is a 
potential method for detection of extractive rich wood.  
2. EIS responses of wood changed with incipient mould and 
mould development. The method showed potential for 
detection of mould before it is detectable by the naked eye, 
which could be utilised in many applications. 
3. Signal parameters determined from contact ultrasound 
measurements were related to the LCD in veneer. ACU 
measurement of LCD in birch was applicable and there 
were significant correlations with lathe check 
characteristics.  
4. ACU responses from TMT were significantly affected by 
the number of checks and the density. Furthermore ACU 
could efficiently be used for the differentiation of severely 
checked TMT from the other TMT.  
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The studies presented in this thesis represent the basis for the 
development of solutions to be used in the measurement of 
extractive content, mould development and checking in wood. 
Further developments in the methods could have many 
potential uses, e.g. non-destructive measurement techniques 
could be used for the detection of extractives in living trees, 
detection of incipient mould in buildings, detection of checks in 
thermally modified timber and process control methods for 
veneer peeling, wood drying and thermal modification. 
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Laura Tomppo
Novel Applications of Electrical 
Impedance and Ultrasound Methods 
for Wood Quality Assessment
The heterogeneous quality of wood 
poses a challenge for process and 
product development. Ideally, wood 
properties should be examined non-
destructively during the production 
chain as early as possible and the 
quality control should be implement-
ed throughout the manufacturing 
process. This thesis provides a basis 
for further development of the meas-
urement methods for wood quality 
assessment in industry. The poten-
tial applications include the evalua-
tion of extractive content or checking 
in wood and the detection of mould 
on wooden surfaces. 
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